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Abstract: The increase of capital investments and operation and maintenance (O&M) costs represents
a current limitation to the diffusion of carbon capture systems for the clean combustion of fossil fuels.
However, post-combustion systems, such as calcium looping (CaL), for CO2 capture from flue gas are
the most attractive carbon capture systems since they can be installed at new plants and retrofitted
into existing power plants. This work investigates the pros and cons of employing a calcium looping
system for CO2 capture and also as a desulphurization unit. A preliminary techno-economic analysis
was carried out comparing a base case consisting of a coal-based power plant of about 550MWe with a
desulphurization unit (Case 1), the same plant but with a CaL system added for CO2 capture (Case 2),
or the same plant but with a CaL system for simultaneous capture of CO2 and SO2 and the removal
of the desulphurization unit (Case 3). Case 2 resulted in a 67% increase of capital investment with
respect to the benchmark case, while the increase was lower (48%) in Case 3. In terms of O&M costs,
the most important item was represented by the yearly maintenance cost of the desulphurization
unit. In fact, in Case 3, a reduction of O&M costs of about 8% was observed with respect to Case 2.

Keywords: CO2 capture; calcium looping; desulphurization; techno-economic analysis; coal-based
power plant

1. Introduction

Currently, energy from coal accounts for about 30% of the total global energy supply, as reported in
the IEA World Energy Outlook [1]. Moreover, despite the Paris agreement in 2015 (COP-21), a growth
of coal demand of about 0.4% per year is expected up until 2040. However, this value represents an
optimistic view, because it is based on declared policy intentions, which may not be respected by the
signatory countries. Therefore, the role of fossil fuels will most likely still be relevant for many years,
with the consequence that significant emissions to the atmosphere of anthropogenic greenhouse gases,
especially CO2, will continue.

The utilization of specific measures are necessary to face climate change. In this regard, in the
EU, the Emission Trading System (ETS) regulates the greenhouse gas emissions of the energy sector;
they had aimed for a decrease with respect to 2005 levels of 21% by 2020, which, as proposed by the
European Commission, could reach 43% by 2030. This represents an important tool to drive energy
companies to invest in technologies to limit CO2 emissions.
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Carbon capture and storage (CCS) and more recently carbon capture and utilization (CCU)
technologies represent attractive choices for the sustainable employment of fossil fuels. Generally, the
main drawback for the diffusion of these technologies, besides those of a technical nature, is related to
the significant capital investments and the operation and maintenance (O&M) costs.

Within these technologies, post-combustion CO2 capture has a major advantage in that it can be
installed on existing power plants (retrofit). In particular, the calcium looping technology (CaL) is very
attractive since cheap, natural, Ca-based sorbents, such as limestone and dolomite, are employed [2–10].
This process is based on a reversible carbonation reaction (CaO + CO2 = CaCO3) and typically consists
of two interconnected fluidized beds: the carbonator and the calciner. In the carbonator, CaO particles
react with the CO2 in the flue gas coming from the power plant to form CaCO3 that is then transferred
into the calciner where the calcination reaction takes place and restores the CaO reactant. The reactant
can then be transferred back into the carbonator, restarting a new cycle. At the outlet of the calciner, a
stream composed mainly by CO2 can be either sent for compression and storage (CCS) or used for
other purposes (CCU).

The endothermicity of the calcination reaction can be sustained by the combustion of an auxiliary
(and cheap) fuel under oxy-combustion mode with pure oxygen provided by an ancillary air separation
unit (ASU). Another recently proposed possibility, which is still in an early research stage, is based on
the combination of the calciner with a concentrated solar power system [11,12].

In the last decade, many efforts by several research groups around the world have been carried
out in order to study, improve, and make feasible the CaL process. The main issue with this technology
is the strong deactivation of the sorbent material with the number of cycles experienced by the particles:
This decay is mainly due to the sintering phenomenon caused by the high temperatures in the process
(especially in the calciner).

Another possible source of sorbent deactivation arises from the irreversible reaction of the sorbent
with SO2, which produces CaSO4. SO2 is typically contained in the flue gas from coal combustion in the
carbonator, but it may also be present in the calciner if coal is used as auxiliary fuel to sustain calcination.
SO2 emissions are regulated in all countries, and the coal power plants are equipped with flue gas
desulphurization devices in order to decrease the SO2 concentration to below the permitted limits.
In general, this abatement is carried out in situ in the combustion chamber in the case of fluidized bed
(FB) boilers, while wet scrubbers are typically used in the case of pulverized fuel (PF) boilers. In both
cases, limestone or other alkaline materials are employed as SO2 sorbents. PF boilers are the most
widespread units for coal combustion in connection with wet scrubbers for SO2 removal, which in
general are affected by corrosion and water pollution problems and have high power requirements.

In this work, the possibility to eliminate the wet scrubber (and related issues) and to install a CaL
system for the simultaneous capture of CO2 and SO2 in a PF boiler plant was investigated. In particular,
a preliminary techno-economic analysis was carried out in order to understand the pros and cons of a
such configuration in terms of capital investments and O&M costs. Three different plant configurations
were considered in this work: (i) a PF power plant without a CaL system and with SO2 abatement
by wet scrubbing, which is the benchmark configuration (Case 1); (ii) a PF power plant with a CaL
system and with SO2 abatement by wet scrubbing (Case 2); and (iii) a PF power plant without the wet
scrubber and with CaL used for simultaneous CO2 and SO2 capture (Case 3).

This study had two objectives: The first was to evaluate the advantages and disadvantages of
carrying out desulfurization upstream or simultaneously with the capture of CO2; the second was to
evaluate on the basis of current and future/possible European laws on greenhouse gas emissions the
possibility of adding a CaL unit to an already existing plant using alternative strategies.

2. Description of Plant Configurations

As introduced before, three proposed configurations were investigated in this work:

• Case 1 (Base Case): PF power plant without CaL system;
• Case 2: PF power plant with CaL system; and
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• Case 3: PF power plant with CaL system for simultaneous capture of CO2 and SO2.

Table 1 reports the main design features of the scrutinized power plant and of the post-combustion
CaL system.

Table 1. Main design characteristics of the power plant and of the CaL unit (adapted from [4]).

Unit Parameters

Boiler Pulverized fuel boiler

Air separation unit 95% (vol.) oxygen purity
(Consumption: 200 kWh per tons of oxygen)

Desulphurisation unit Limestone Flue-gas desulfurization
(SO2 abatement efficiency: 98–99%)

Calcium looping unit Carbonation @650 ◦C–Calcination @940 ◦C
Sorbent make-up ratio: 5%

Captured CO2 conditioning Intercooled multi-stage compression @120 bar
Dehydration by Tri-ethylene-glycol

Steam cycle Sub-critical: 170 bar@540 ◦C–
One re-heat: 39 bar@540 ◦C

The PF power plant has a sub-critical steam cycle at 170 bar/540 ◦C with one steam reheat at
39 bar/540 ◦C, and the performance indicators used for the evaluation are presented in Table 2 [4].

Table 2. Main technical power plant performance indicators (adapted from [4]).

Main Plant Data Units Case 1 Case 2 Case 3

Coal flowrate t/h 182.30 242.30 246.97
Coal LHV MJ/Kg 25.17 25.17 25.17

Fuel thermal energy MWth 1274.58 1694.08 1726.73
Gross power output MWe 504.28 658.80 670.83
ASU consumption MWe 0.00 25.76 26.23

Boiler consumption MWe 6.37 8.47 8.63
Ca-looping unit consumption MWe - 56.00 57.02

Power island consumption MWe 22.69 23.64 23.71
Ancillary consumption MWe 29.07 113.87 115.60

Net power output MWe 475.21 544.93 555.23
Gross efficiency % 39.56 38.89 38.85
Net efficiency % 37.28 32.17 32.15

Carbon capture rate % - 92.00 92.00
CO2 specific emissions Kg/MWh 931.03 74.48 74.48

The hypotheses assumed in this analysis are that the nominal electrical power of the plant will
not be less than 400 MWe and the expected CO2 capture will be greater than 90%.

The absence of a CO2 capture system in Case 1 means that about 800–900 Kg of CO2 are emitted
per electric MWh. Indeed, this value falls to about 65–85 kg CO2/MWh in Cases 2 and 3. For Case 3,
the CaL unit was designed on the basis of experimental data on CO2 capture, under low and high SO2

concentrations, from the same research group [13].
Obviously, the installation of a CO2 capture system (Cases 2–3) implies an energy penalty, with

respect to the Base Case, quantifiable by about 5–10 net electricity percentage points. However, the CaL
technology is preferable with respect to other consolidated solutions based on chemical gas-liquid
absorption, which shows higher levels of energy penalty. Additionally, these systems also typically
present a lower CO2 capture rate (<90%) than CaL [4,14–16].

The addition of a CaL system (Case 2) provides an increase of capital investment as well as the
O&M costs. The possibility of relying on the CaL process for SO2 abatement, so eliminating the wet
scrubber, could be a valid answer to reduce the capital investment and O&M costs.



Energies 2020, 13, 2176 4 of 9

3. Assessment of Economic Performance

3.1. Estimation of Plant Capital Costs

The methodology adopted for the estimation of capital costs is that proposed by Turton et al. [17].
The estimation of capital costs was carried out by dividing the power plant into sub-units, e.g.,

boiler, CaL unit, air separation unit, power island, etc.
The capital costs were calculated with the following power law equation:

C = C0 ∗

(
Q
Q0

)m

(1)

where:

C is the capital cost of the single unit with capacity Q;
C0 is the capital cost of the single unit with capacity Q0; and
m is the constant depending on the equipment type.

The capacity Q represents a mass or an energy flow distinctive of the specific equipment and it is
used as a scaling factor. The reference data for C0, Q0, and m are available in the literature [18].

In particular, for the CaL unit, Romano et al. [19] proposed the following equation:

CCaL = C0 ∗

[
α ∗

(
QLHV

Q0

)mQ

+ (1− α) ∗
(

Vcal
V0

)mV

+ (1− α) ∗
(

Vcar

V0

)mV
]

(2)

where CCal is the capital cost of the CaL unit having capacity QLHV, VCa,l and VCar. C0 is the base capital
cost of a CaL unit having capacity Q0 and V0. QLHV is the heat input to the calciner, while VCal and
VCar are the volumes of the calciner and of the carbonator, respectively. α is the relative weight of the
heat transfer surfaces on the total cost of the cooled CFB reactor. mQ is the scaling factor for the heat
input to the calciner. mV is the scaling factor for the volume of the calciner and the carbonator.

From the estimation of the capital costs of the single units, the total investment cost per kW gross
power output was calculated:

TICper KW (gross) =
Total investment cost
Gross power output

(3)

as was the total investment cost per kW net power output:

TICper KW (net) =
Total investment cost

Net power output
(4)

For all the investigated configurations, the costs of utilities and offsite units were assumed as 25%
of the total cost of the plant sub-units, the owner’s cost and contingency were assumed to be 15% of the
total installed costs, and the costs related to land purchase, permitting, surveying, etc. were considered
equal to 5% of the total installed costs.

In Table 3, the capital costs and the total investment costs per kW for the three cases are reported.
Comparing Cases 1 and 2, it is noteworthy that the items regarding the CaL installation (CaL unit,
air separation unit, and CO2 processing and drying) increase the total investment costs by about 67%
(with respect to Case 1). In particular, in Case 3, the CaL unit is more expensive compared to Case 2.
In fact, the larger sorbent deactivation (due to the higher SO2 concentration) implies a larger size for
the reactor.

In Case 3, the elimination of the sulphur-removal unit reduces the impact of the CaL installation.
Case 3 has an increase of investment costs with respect to Case 1 of 43.5%, but a reduction of 14.2%
with respect to Case 2.
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Considering the total investment costs (TIC) per kW (net), it is possible to note that there is an
increase of 41% between Cases 1 and 2, which means a penalty of 574 €/kW net. For Case 3, this penalty
is almost halved (295 €/kW net), with an increase of 21% with respect to the Case 1.

Table 3. Estimation of capital costs and total investment cost per kW.

Plant Sub-Units Units Case 1 Case 2 Case 3

eq
ui

pm
en

tc
os

t(
EC

) Solid handling facilities M€ 46.10 57.39 60.26 [20]
Air separation unit M€ 0.00 102.65 107.78 [20]

Boiler M€ 180.16 180.16 180.16 [20]
CaL unit M€ 0.00 92.70 97.34 [19]

Sulphur removal unit M€ 78.16 100.38 0.00 [20]
CO2 processing and drying M€ 0.00 33.14 33.14 [20]

Power island M€ 133.71 166.73 150.06 [20]
Utilities and offsite units (U&O) M€ 109.53 183.29 157.19 25% of EC

Total installed costs (IC) M€ 547.66 916.44 785.93 EC + U&O
Owner’s costs and contingency (O&C) M€ 82.15 137.47 117.89 15% of IC
Land, permitting, surveying, etc. (L) M€ 27.38 45.82 39.30 5% of IC

Total investment costs (TIC) M€ 657.20 1099.73 943.11 IC + O&C + L
TIC per KW (gross) €/kW 1303.23 1620.51 1389.74
TIC per KW (net) €/kW 1382.94 1957.12 1678.41

3.2. Estimation of O&M Costs, LCOE, and CO2 Capture Costs.

The O&M costs were evaluated separately as fixed and variable costs. The fixed costs, including
taxes, insurance, administration, support, overhead costs, etc., are independent from the production,
while the variable costs, such as fuel, waste disposal, consumables, CaL sorbent, etc., are proportional
to power generation.

In Table 4, the main economic assumptions used for the evaluation of the O&M costs are
reported [4,21–26], which were assessed with the Peters and Timmerhaus method [27]. Initially, the
carbon tax was considered at no cost, but subsequently its effect was analyzed in depth.

Table 4. Basic economic assumptions for calculation of operation and maintenance (O&M) costs.

Coal 1.9 €/GJ
Limestone (flux) 20 €/t
Natural gas cost 5 €/GJ

BFW and process water price 0.1 €/t
Cooling water price 0.01 €/t

Make up and water treatment chemicals 0.0025 €/t
Slag disposal cost 10 €/t

CO2 transport and storage costs 5 €/t CO2
Carbon tax 0 €/t CO2
Direct labor 100 persons

Average annual direct labor costs 50000 €/y
Administrative, support, and overhead costs 30% of the direct labor cost 0.3

Annual maintenance costs 3.5% from capital expenditure (CAPEX) 0.035
Working capital 30-day supply

Power plant load factor 7500 h/y
Construction time 3 year

Economical plant life 25 year
Discount rate 8.00 %

Table 5 and Figure 1 show the distribution of the variable and total costs in €/MWh. As expected,
particularly in the absence of a carbon tax, the lowest costs were registered by Case 1, both in terms
of variable and fixed costs. It is clear that the presence of the CaL unit (Case 2) increases the annual
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maintenance costs and the variable costs, in particular those related to CO2 transport and storage; this
results in an increase of fixed and variable costs of ca. 54%.

Table 5. Fixed and variable costs in M€/y.

Case 1 Case 2 Case 3

Supervision 1.750 1.750 1.750
Cost of direct labor 5.000 5.000 5.000

Maintenance 25.297 34.995 30.000
Taxes and insurance 5.059 6.999 6.000

Total Fixed Costs 37.106 48.744 42.750

Coal 65.618 86.922 88.582
Limestone make-up 2.346 27.990 29.274

Cooling water 0.004 0.006 0.006
Spent limestone disposal 0.000 8.705 10.487

Gypsum disposal 0.695 0.880 0.000
Ash disposal 4.414 5.587 5.671

CO2 transport and storage 0.000 21.919 22.733

Total Variable Costs 73.078 152.009 156.753
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However, it is interesting to note that in Case 3, the utilization of the CaL unit for simultaneous
CO2 and SO2 capture, with the consequent removal of the desulphurization unit, seems to have some
advantages. The absence of one plant unit entails a diminishing of fixed costs; specifically, there is
a reduction of maintenance costs related to the removal of the desulphurization unit. Case 3 shows
a decrease of O&M costs of about 8% with respect to Case 2 and an increase of 41% with respect to
Case 1.

The levelized cost of electricity (LCOE) and the cost of CO2 capture (in terms of CO2 removal
cost) were evaluated as follows (according to [21,28,29]) and are presented in Table 6 for the three
investigated cases:

LCOE =
TIC× FCF + FOM

.
WNET ×CF× 8670

+ VOM +
SFC
ηth

(5)

CO2 Avoided Cost =
LCOEwith CCS − LCOEwithout CCS

CO2emissionswithout CCS −CO2emissionswith CCS
(6)

where TIC, VOM, FOM, SFC, and FCF are the total investment costs, the variable O&M costs, the
fixed O&M costs, the specific fuel cost and the fixed charge factor respectively, while ηth, CF, and CO2

emissions are the thermal efficiency, the capacity factor, and the amount of emitted CO2, respectively.



Energies 2020, 13, 2176 7 of 9

Table 6. Levelized cost of electricity and avoided CO2 costs.

Units Case 1 Case 2 Case 3

LCOE €/MWh 61.90 84.13 79.09
CO2 avoided cost €/t CO2 0 25.95 20.06

The differences among the three cases investigated in terms of capital and O&M costs reflect the
LCOE increase with respect Case 1 of 36% and 27% in Cases 2 and 3, respectively; this confirms the
advantages of removing the desulphurization unit. In addition, regarding the avoided CO2 costs, Case
3 proves to be a better configuration than Case 2.

In Figure 2, the variation of LCOE as a function of the carbon tax for the three cases is shown.
The increase of the carbon tax produces an increase of LCOE for all the three cases, but this increase
is significant only for Case 1 because of the huge emissions of CO2. It is interesting to note that for
equalizing the LCOE of Cases 1 and 2, the carbon tax must reach a value of 30 €/t CO2, while for Case
3, it is sufficient at 22.5 €/t CO2.
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4. Discussion and Conclusions

In this work, the possibility of integrating the CaL unit in a pulverized fuel boiler power plant
with the simultaneous capture of CO2 and SO2 was studied from a techno-economic point of view.
Three cases were considered: Case 1 was a PF power plant without a CaL system and with SO2

abatement by wet scrubbing; Case 2 was a PF power plant with a CaL system and with SO2 abatement
by wet scrubbing; and Case 3 was a PF power plant without the wet scrubber and with CaL used for
simultaneous CO2 and SO2 capture.

From the analysis of the capital costs it was observed that the installation of the CaL unit inevitably
involves an increase of the investment costs. However, the removal of the desulphurization unit
somewhat limits this increase of capital costs. The O&M costs are negatively affected by the CaL unit,
but the simultaneous capture of CO2 and SO2 (Case 3) is a valid strategy to limit the increased costs.

From the analysis of the LCOE, it was found that its value was strictly dependent on the possible
regulations on greenhouse emissions (carbon tax). In particular, Case 3, where the CaL unit had the
double task of capturing both CO2 and SO2, was shown to be a possible option to lower the impact of
the CO2 capture system on the power plant’s costs.
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